OVATE family proteins (OFPs) regulate multiple aspects of plant growth and development; however, their roles in responses to abiotic stresses have not yet been studied. Here, we report that rice OsOFP6 regulates growth and development, and alters responses to drought and cold stresses. OsOFP6 is expressed in various tissues and developmental stages. Knock-down of OsOFP6 by RNA interference (RNAi) resulted in semi-dwarf stature, altered grain shape, and shorter lateral roots. OsOFP6 was shown to interfere with auxin in regulating lateral root growth and initiation, as RNAi plants had increased density of lateral roots under IAA (indole-3-acetic acid) treatment. OsOFP6 also affects polar auxin transport, which was demonstrated by the different responses of RNAi and OsOFP6-overexpression (OE) plants to treatment with N-1-naphthylphalamic acid (NPA). Furthermore, under drought conditions OE lines showed slower water loss and less accumulation of H 2 O 2 compared with RNAi plants, which displayed faster water loss and higher H 2 O 2 , implying that OsOFP6 may confer both drought avoidance and drought tolerance in rice plants. In addition, under cold treatment OE and RNAi plants exhibited lower and higher relative electrical conductivity (REC), respectively, suggesting an important role of OsOFP6 in response to cold stress. These results provide new insights into the multiple functions of OVATE family proteins.
Introduction
OVATE family proteins (OFPs) are novel plant-specific transcriptional regulators with multiple functions in mediating plant growth and development. The first OVATE gene was identified as a major quantitative trait locus (QTL) that controls fruit shape in tomato (Liu et al., 2002) . OVATE protein contains a C-terminal domain of approximate 70 amino acids, which was known as the Domain of Unknown Function 623 (DUF623); subsequently, this domain was found to be exclusive to plant proteins and designated as the OVATE domain. Proteins containing this domain were named as OVATE family proteins (Hackbusch et al., 2005; Wang et al., 2007) . Functional studies showed that OFPs in Arabidopsis (AtOFPs) appear to function in regulating multiple aspects of plant growth and development, such as cotyledon development and the shape of the floret . Systematic analysis of protein interactions showed a close functional connection of AtOFPs to other fundamental regulators of plant development, such as TALE homeodomain proteins (Hackbusch et al., 2005) . For example, AtOFP1 interacts with BLH1, a member of the TALE proteins, and the interaction results in a relocalization of BLH1 from the nucleus to the cytoplasmic space (Hackbusch et al., 2005) . AtOFP1 and AtOFP4 were also reported as components of a putative multi-protein transcription regulatory complex containing BLH6 and KNAT7 to regulate the formation of the secondary cell wall (Li et al., 2011) . AtOFP5 is required for normal embryo sac development in Arabidopsis by suppressing the activity of BELL-KNOX TALE complexes (Pagnussat et al., 2007) .
Phytohormones such as auxins, brassinosteroids, and gibberellins are important regulators during plant growth and development, and OFPs have been shown to function in phytohormone pathway. AtOFP1 was shown to function in the gibberellin (GA) signaling pathway through regulation of the expression of AtGA20ox1, a gene encoding the key enzyme in GA biosynthesis (Wang et al., 2007) . Overexpression of OsOFP2 (LOC_Os01g43610; Liu et al., 2014) in rice alters leaf morphology and seed shape, and suppresses GA levels by down-regulating the expression of OsGA20ox7 (Schmitz et al., 2015) . OsOFP8 (LOC_Os01g64430; Yu et al., 2015) regulates rice leaf angle through the brassinosteroid signaling pathway, in which it interacts with and is phosphorylated by OsGSK2 (Yang et al., 2016) . Auxin regulates a variety of developmental processes of plant growth, and polar auxin transport is mediated by auxin influx carriers such as AUX1 and LAX (AUX1-like) proteins and by efflux carriers such as PIN-FORMED (PIN) proteins . These auxin transport facilitators control patterning and growth of the root primordium in plants (Blilou et al., 2005) .
During the course of their lifespan, plants are frequently exposed to various environmental stresses that cause adverse effects on their growth and development, of which drought and extremes of temperature are the most common. Drought causes plant wilting, leaf rolling, and yield loss. Low temperature causes noticeable alterations in various biochemical and physiological processes through changes in the expression pattern of genes and inhibition of metabolic reactions (Dametto et al., 2015; Jung et al., 2015) . Plants have adapted multiple mechanisms at the molecular, cellular, physiological, and biochemical levels to combat these stresses, thus enabling them to survive (Nakashima et al., 2009; Todaka et al., 2012) . Many plant genes have been demonstrated to play important roles in response to abiotic stresses. For example, NAC, MYB, and DREB proteins have been functionally characterized for their involvement in one or more mechanisms against abiotic stresses (Nakashima et al., 2012; Puranik et al., 2012; Baldoni et al., 2015; Li et al., 2015) . Rice, as a staple crop worldwide, provides over 21% of the calorific needs of the world's population and up to 76% of the calorific intake of the population of South East Asia. In recent years, much effort has been put into breeding stress-resistant and yield-stable rice varieties in order to help cope with the effects of climate change and increases in the human population. Although many genes have been examined for their functions in resistance to abiotic stresses in rice (Lee et al., 2004; Ito et al., 2006) , the mechanisms involved remain elusive due to the complex networks controlling abiotic stress responses. Given their functions in multiple aspects of plant growth and development, OFPs are worthy of examination. A genome-wide analysis in rice showed that there are 31 typical OsOFP genes (Yu et al., 2015) , but their functions in growth and development as well as in response to abiotic stresses are largely unknown.
In this study, we examined the multifaceted features of OsOFP6 (LOC_Os01g60810; Yu et al., 2015) in rice. OsOFP6 not only regulates rice growth and development but also modulates the responses to drought and cold. Overexpression of OsOFP6 in rice was found to enhance drought and cold resistance, whereas repressed expression of OsOFP6 leads to hypersensitivity. Our data indicate that OsOFP6 plays important roles in the determination of plant height, grain size, and lateral root development, and in the responses to abiotic stresses.
Materials and methods

Plant materials and growth conditions
Seeds of the japonica rice (Oryza sativa L.) cultivar Zhonghua 11 (ZH11) and OsOFP6 transgenic plants were sterilized with 0.15% (w/v) HgCl 2 . The sterilized seeds were placed on 1/2 MS (Murashige and Skoog) medium (pH 5.8) and kept in a growth chamber (30 °C, 12/12 h, day/night) for 2 weeks, and then the seedlings were transplanted to the boxes filled with soil from a paddy field. Plants at different developmental stages were used for experiments.
Vector construction and rice transformation
OsOFP6 is an intronless gene, and thus we amplified the full-length OsOFP6 by PCR using rice genomic DNA as a template. The fulllength fragment of OsOFP6 was inserted into the pCAMBIA1301-35S vector to overexpress OsOFP6. To construct the OsOFP6-RNAi (RNA interference) vector, we first amplified a 360-bp specific fragment of OsOFP6 (see Supplementary Fig. S3 at JXB online) and then inserted it into a pBS-in vector at both sense and antisense orientations to create an interim plasmid, which was introduced into the pCAMBIA1301-35S vector to generate the OsOFP6-RNAi vector.
To investigate the expression patterns of OsOFP6, we amplified a 1956-bp fragment upstream of the predicted start codon of OsOFP6 and inserted it into the pCAMBIA1391z vector to fuse with the GUS reporter gene. The resulting construct was introduced into the ZH11 rice cultivar using the Agrobacterium-mediated transformation method (Lin and Zhang, 2005) . The primer sequences are listed in Supplementary Table S1 .
Analysis of stress responses
A drought stress assay was carried out at the young seedling and the reproductive stages. When rice seedlings growing in soil reached the 4-leaf stage, the water supply was stopped for 8 d, which was followed by 3 days of re-watering for recovery. The survival rates of seedlings were recorded and the plants were photographed. A control experiment for the drought stress assay was performed and is shown in Supplementary Fig. S7 . This demonstrated that our protocol for the drought treatment was practical and exposed all genotypes to an equal extent of soil drying. Rice plants were transferred into 50 × 80-cm boxes to grow normally. At the booting stage, the plants were subjected to drought treatment by stopping irrigation until all leaves of the wild-type plants (ZH11) wilted. The plants were then re-watered to recover them. After maturation, spikelet fertility was determined to evaluate the effect of the drought stress.
For the cold treatment, we grew plants in soil, and at the young seedling stage RNAi and OE plants were treated at 4 °C for 3 and 10 d, respectively, and different physiological indicators were measured. At the booting stage, the plants were treated at 15 °C for 3 d, and then returned to normal growth conditions until maturity. Spikelet fertility and pollen fertility were determined.
IAA and NPA treatment
For auxin treatment, rice seedlings were grown on 1/2 MS medium with or without 10 μM IAA (indole-3-acetic acid), and the length and density of lateral roots and the length of primary roots were measured. For the treatment with the polar auxin transport inhibitor N-1-naphthylphalamic acid (NPA), rice seeds were germinated on 1/2 MS medium for 4 d. Young seedlings of the same size were chosen and grown in a rice nutrient solution without or with different concentrations of NPA. Photographs were taken after 3 d of treatment. Three biological replicates of the IAA and NPA treatments were performed with similar results.
Physiological measurements
Healthy and fully expanded leaves from the OsOFP6 transgenic and ZH11 plants were used to measure the rate of water loss. Leaves were detached from plants and immediately placed in a dryer at 30 °C, and were then weighed over a time course, as indicated in the Results. An oven-drying technique was used to measure soil moisture (Schmugge et al., 1980) . The wet weight (W w ) of the soil samples was measured, and then they were oven-dried at 105 °C until a constant weight (W d ) was recorded. The soil moisture content (%) was calculated as [(W w −W d )/W d ]×100. Accumulation of hydrogen peroxide, H 2 O 2 , was visually detected by staining with 3, 3´-diaminobenzidine tetrahydrochloride (DAB). Leaves were vacuum-infiltrated with 1 ml DAB solution (1 mg ml -1 ) for 15 min and incubated for 12 h at room temperature in the dark. The leaves were de-stained in a solution of 3:1:1 ethanol/acetic acid/glycerol and photographed. Quantification of H 2 O 2 was measured as described previously (Alexieva et al., 2001) . Briefly, 1 g of leaves was ground with 0.1% trichloroacetic acid and centrifuged at 10 000 g for 20 min at 4 °C. The supernatant was neutralized with 1 ml of 1 M KI/I 2 and 1 ml of 0.5 M phosphate buffer (pH 7.0). The reaction was developed for 1 h in the dark and then the absorbance was measured at a wavelength of 390 nm using a spectrophotometer. For evaluation of cold tolerance, whole plants were placed in a programmable growth chamber and measurements were then taken of the relative electrical conductivity (REC). After cold treatment, 100 mg of leaf samples were cut into small pieces, washed with distilled de-ionized water three times, and then placed in a test-tube containing 10 ml of distilled de-ionized water and vacuumed for 15 min. The initial electrical conductivity of the solution (EC1) was measured using an electrical conductivity meter. The samples were then boiled for 20 min to kill the tissues and completely release all electrolytes. The final electrical conductivity (EC2) was measured when the samples had cooled to 25 °C. The REC was calculated as: (EC1/EC2)×100.
RNA isolation and quantitative real-time RT-PCR
Total RNAs were isolated from harvested samples using the Hi-Pure Plant RNA Mini Kit (Magen, Guangzhou, China). The first-strand cDNA was generated using the PrimeScript TM RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China). The manufacturers' instructions were followed in each case. Quantitative RT-PCR was run with three replicates on a LightCycler 480 system (Roche, Basel, Switzerland) using GoTaq ® qPCR Master Mix Kit (Promega, Madison, USA). The reaction conditions were as follows: 95 °C for 1 min, followed by 50 cycles of 95 °C for 10 s, and 60 °C for 30 s. The rice Actin1 gene was used as the internal control, and the relative expression levels of genes were calculated using 2 −△△CT method (Livak and Schmittgen, 2001) . Primer sequences are listed in Supplementary Table S1 .
Subcellular localization assays
The full-length coding sequence of OsOFP6 was introduced into pSAT6-EYFP-N1 to generate pSAT6-OsOFP6-EYFP, containing an OsOFP6-EYFP fusion construct under the control of the CaMV 35S promoter. The fusion construct was used for in vivo protein targeting in Arabidopsis protoplast cells by polyethylene glycol (PEG)-mediated transient transfection. Isolation of Arabidopsis protoplasts and PEG-mediated transfection were performed as described previously (Abel and Theologis, 1994) . The pSAT6-OsOFP6-EYFP vector and the tagged mCherry marker with known localization (NLS-mCherry, labeling the nucleus; ER-mCherry, labeling the endoplasmic reticulum) (Nelson et al., 2007) were co-transfected into the protoplast cells. After transfection, the protoplasts were incubated at 22 °C for 12 h in the dark, and the distribution of the fusion protein was determined using a confocal fluorescence microscope (Zeiss LSM 800).
Paraffin sectioning and GUS Staining
For microscopic observation, plant materials were fixed in formaldehyde-glacial acetic acid-70% ethanol (1:1:18, v/v/v), then softened by 15% hydrofluoric acid for 2 weeks, and dehydrated in a graded ethanol series. The treated samples were embedded in paraffin wax (melting point: 56-58 °C) and then micro-sectioned to 20 µm thicknesses using a microtome. The micro-sections were stained with toluidine blue, and then observed under a microscope after the paraffin been removed by xylene.
To detect GUS activity, plant tissues were collected and fixed in 90% acetone at 4 °C for 1 h, and then rinsed with GUS buffer (100 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 0.5 mM potassium ferricyanide, and 0.5 mM potassium ferrocyanide). The pre-treated samples were incubated with GUS buffer supplemented with 0.05% X-Gluc (Sigma) at 37 °C overnight. After incubation, the tissues were cleared in de-staining buffer (ethanol:acetic acid, 84:16 v/v) at room temperature for 1-4 h depending on different tissues. The cleared tissues were observed under a dissecting microscope after washing with 70% ethanol several times.
Results
Expression profile of OsOFP6
To explore the spatiotemporal expression of OsOFP6 in rice, we examined its expression in different tissues by quantitative real-time RT-PCR (qRT-PCR). The results indicated that OsOFP6 is expressed in all the tissues examined (Fig. 1A) . The highest expression of OsOFP6 occurred in the developing panicles, while it was greatly reduced in the mature panicles. Expression was relative high in the roots, stem, and developing seeds, whilst the lowest expression was observed in mature leaves. To further examine the tissue-specific expression pattern of OsOFP6, we generated stable transgenic rice plants expressing the β-glucuronidase (GUS) gene under control of the native promoter of OsOFP6. GUS histochemical activity was detected in various plant tissues. Strong GUS staining was detected in the meristem zones of both the primary (Fig. 1B) and the lateral roots (Fig. 1C) . No GUS activity was detected in the elongation zone of the primary roots, but faint staining was observed in the stele of the primary roots (Fig. 1B) . The mature roots showed strong staining (Fig. 1C) . GUS staining was also detected in the leaf blade (Fig. 1D ), the lamina joint ( Fig. 1E) , and the stem node (Fig. 1F) , with activity in the latter mainly detected in the inner region. Strong staining was observed on the surface of young spikelets, including the palea and lemma (Fig. 1G) . On the basis of GUS activity, we detected OsOFP6 expression in the anthers but there was no substantial expression in the stigma (Fig. 1H ). Strong GUS staining was detected in the embryo of seeds (Fig. 1I) , and the radicle and crown root of germinating seeds also displayed staining (Fig. 1J, K) . To determine the subcellular localization of OsOFP6, we made a 35S::OsOFP6::EYFP construct and co-transformed Arabidopsis protoplasts with NLS-mCherry or ER-mCherry. Confocal images revealed that the OsOFP6-EYFP fusion protein seemed to be localized to the nucleus and endoplasmic reticulum (ER) (Supplementary Fig. S1 ).
Suppressed expression of OsOFP6 reduces plant growth and alters grain shape
To study the function of OsOFP6 in detail we generated transgenic rice plants either with overexpressing or knockdown of OsOFP6. In total, 23 overexpression (OE) and 18 knock-down (RNAi) lines were obtained, and the expression level of OsOFP6 was examined in some lines to show that it was either overexpressed or repressed ( Supplementary Fig.   S2 ). Multiple DNA sequence alignment of OsOFPs showed that OsOFP6 is closely related to OsOFP22, OsOFP19, and OsOFP13 ( Supplementary Fig. S3 ), and the expression levels of these three genes were unaffected in the OsOFP6 transgenic lines (Supplementary Fig. S4 ), indicating that the expression regulation is specific to OsOFP6. Suppressed expression of OsOFP6 led to reduced plant height when compared with the wild-type (ZH11) plants ( Fig. 2A) , indicating the essential role of OsOFP6 in plant growth. However, overexpression lines did not display an obviously altered phenotype (Fig. 2B) . The reduced plant height of the RNAi lines was caused by shortened internodes (Fig. 2C) , with the uppermost internode of these lines being significantly shorter than that of ZH11 (Fig. 2D) . Short internodes can be caused by reduced cell number and/or decreased cell length, and we therefore examined longitudinal sections of the uppermost internodes of RNAi, OE, and ZH11 plants (Fig. 2E) . These microscopic observations indicated that there was no difference in cell length among the three types (Fig. 2F ), but the cell number was significantly reduced in RNAi plants (Fig. 2G) .
OFP genes have been demonstrated to affect fruit shape (Liu et al., 2002) , so we were interested in the impact of OsOFP6 on the grain shape in rice. At the maturation stage, RNAi lines showed reduced grain size when compared with wild-type plants (Fig. 3A, Supplementary Fig. S5 ). When the dimensions of grains from RNAi, OE, and ZH11 plants were measured, there was no difference in grain length (Fig. 3B ), but significant differences (P<0.01) in grain thickness (Fig. 3C) and width (Fig. 3D) were observed between RNAi and ZH11 plants; however, no differences in these two traits were observed between OE and ZH11 plants (Fig. 3C, D) . Grain weight is one of the principal components of grain yield, and it was reduced in OsOFP6-RNAi lines (Fig. 3E) . To understand the nature of the reduced grain size in RNAi plants, we made cross-sections of the spikelets along the middle region of the hull (Fig. 3F) , and microscopic observations showed that the total length of the RNAi spikelets was significantly reduced when compared with that of ZH11 (Fig. 3G, H) . Further analyses of these cross-sections showed that the cell number was significantly reduced in the RNAi lines but the cell length did not show any difference (Fig. 3I, J) . The reduced cell number may be caused by reduced expression of genes related to the cell cycle, and to test this hypothesis we analysed the expression level of cell cycle-related genes in RNAi, OE, and ZH11 plants. The data revealed that all six genes examined were significantly (P<0.01) down-regulated in the RNAi lines; however, only two genes, CYCD3 and CYCT1, were significantly up-regulated in the OE lines (Fig. 3K) . Taken together, these findings indicate that the function of OsOFP6 is crucial to plant growth, especially to plant height and grain size.
OsOFP6 affects lateral root growth and modulates auxin response
The high expression level of OsOFP6 in roots prompted us to explore its biological functions in root growth and development.
It has been well established that auxin plays important roles in root development, including primary root elongation, and lateral root formation and growth (Feng et al., 2012; . Therefore, we examined the growth of primary and lateral roots of both OsOFP6-transgenic and wild-type plants under normal growth conditions and under IAA (indole-3-acetic acid) treatment. Growth of primary roots did not show any differences under normal growth conditions ( Supplementary  Fig. S6A ), but it was inhibited under IAA treatment ( Supplementary Fig. S6B ). This inhibitory effect of IAA on primary roots showed that OsOFP6 did not interfere with IAA since all seedlings responded similarly to the IAA treatment ( Supplementary Fig. S6C ). The length of lateral roots, however, showed differences under normal growth conditions, with RNAi lines having significantly reduced length (Fig. 4A, upper  panel, Fig. 4B ). In contrast, OE and ZH11 plants did not show any differences in lateral root length (Fig. 4A, upper panel, Fig.  4B ), indicating the requirement of OsOFP6 for elongation of lateral roots. IAA treatment inhibited the elongation of lateral roots, but to different extents in RNAi, OE, and ZH11 plants. The inhibitory effect in the RNAi lines was relatively less than in the ZH11 and OE plants, leading to similar lengths of the lateral roots for all three plant types under IAA treatment (Fig.  4B) , which suggests that reduction in expression of OsOFP6 partially compromises the IAA inhibition of elongation of the lateral roots. To gain a further insight into the development of lateral roots, we investigated the effect of IAA treatment on their density. Under normal growth conditions, RNAi, OE, and ZH11 seedlings displayed similar lateral root density (Fig. 4C ) and treatment with 10 μM IAA reduced the density of all seedlings (Fig. 4A, lower panel, Fig. 4C ). However, this IAA-induced density reduction was partially compromised in RNAi plants when compared with OE and ZH11 plants, and statistical analysis showed significant differences in lateral root density between the RNAi and ZH11 plants (Fig. 4C) . These results suggest that OsOFP6 is required for the inhibitory effect of IAA on initiation of the lateral roots. Exogenous application of IAA or 2, 4-D (2, 4-dichlorophenoxyacetic acid) significantly induced the expression level of OsOFP6 (Fig. 4D) , further supporting the notion that OsOFP6 affects the auxin response.
Polar auxin transport is mediated by proteins and can be inhibited by N-1-naphthylphalamic acid (NPA) Zhang et al., 2012) . To explore the possible roles of OsOFP6 in auxin transport, we treated seedlings of RNAi, OE, and ZH11 ( Fig. 5A) with NPA, which caused a dosedependent shoot-bending growth (Fig. 5B) . OE seedlings exhibited a larger bending angle than ZH11 at 2 μM of NPA, and RNAi seedlings showed a smaller bending angle than ZH11 even at 1 μM of NPA (Fig. 5C ), indicating that OsOFP6 is required for polar auxin transport. In addition, we analysed expression levels of well-characterized auxin transport and signaling genes in RNAi, OE, and ZH11 plants. The mRNA levels of OsAUX1, OsPIN1b, OsPIN1c, OsPIN9, OsPIN10a, OsTIR1, OsGH3-2, and OsIAA1 were significantly up-regulated in RNAi plants, whilst OsPIN2 and OsAFB2 were significantly down-regulated (Fig. 5D ). In contrast, most of the genes examined did not show different expression in OE plants when compared with ZH11, except that OsAUX1 and OsIAA1 were down-regulated (Fig. 5D) . These results suggest that OsOFP6 might be a negative regulator of a set of auxin-related genes and that down-regulation of OsOFP6 has a more profound effect than overexpression on the expression of auxin-related genes.
OsOFP6 confers drought resistance in rice
To further elucidate the multifaceted functions of OsOFP6 in rice, we evaluated the performance of OsOFP6 transgenic plants under drought conditions. Because drought stress rapidly induced expression of OsOFP6 (Fig. 6A, B) , we further examined the performance of seedlings of RNAi, OE, and ZH11, grown in soil, to drought treatment by withholding water supply at the 4-leaf stage. After 7 d of drought treatment, the RNAi lines showed leaves that were obviously rolled and drooped; in contrast, ZH11 and OE plants still stood upright, although some rolled leaves were observed as well (Fig. 6C) . No differences were observed in the soil water contents ( Supplementary Fig. 7A, B) . After 8 d of drought treatment, the RNAi seedlings were dying and ZH11 seedlings were severely stressed and drooped, whereas the OE lines were still upright (Fig. 6C) . After recovery by re-watering for 3 d, ~70% of the ZH11 plants and ~95% of OE plants had survived, but none of RNAi plants were recovered (Fig. 6C, D) , indicating that OsOFP6 positively regulates drought resistance in rice. To quantitatively determine the water deficit response, the rate of water-loss was determined for detached leaves. In agreement with the observed responses to drought stress, the RNAi lines lost water faster than ZH11, whereas the OE lines lost water more slowly (Fig. 6E) , indicating that OsOFP6 confers drought avoidance in rice. Water deficit prevents rice plants from heading and causes pollen sterility, leading to yield losses, and therefore we evaluated the impact of drought stress on performance at the reproductive stage. When water supply was withheld at the booting stage, the RNAi plants responded to water deficit much earlier than ZH11 and showed rolled leaves, whereas the OE lines still showed flat leaves (Fig. 6F) . At the maturation stage, the spikelet fertility of all plants was greatly reduced by water deficit when compared with controls under normal growth conditions, but the RNAi lines showed significantly reduced spikelet fertility compared with the ZH11 plants, whereas the OE lines were more resistant to water deficit than ZH11 (Fig. 6G) .
Drought tolerance is usually accompanied by oxidative stress that results in excessive accumulation of reactive oxygen species (ROS) (Hossain et al., 2015) . To explore the role of OsOFP6 in drought tolerance, we performed DAB staining analyses to examine the accumulation of H 2 O 2 . Under normal growth conditions, DAB staining did not show any visible difference among RNAi, OE, and ZH11 plants (Fig. 7A) , and the quantitative measurements of ROS levels further confirmed the DAB staining results (Fig. 7B) . Drought treatment resulted in an increase in H 2 O 2 accumulation in all plants (Fig. 7A , lower (Fig. 7A, B) . The balance between production and removal of ROS is mainly determined by ROS-scavenging enzymes such as superoxide dismutase (SOD), peroxidase (POX), and catalase (CAT), and therefore we analysed the expression levels of genes encoding ROS-scavenging enzymes. Under normal growth conditions, Fe-SOD and OsPOX1 were induced in the OE lines, whereas SodCc2 was repressed in RNAi lines; on the other hand, there were no significant changes in the expression levels of OsAPX2 (ascorbate peroxidase) and OsCATB (catalase B) (Fig. 7C,  D) . When compared with ZH11, drought stress induced the expression of Fe-SOD in the RNAi lines but suppressed the expression of SodCc2 in the OE lines (Fig. 7C) , suggesting an important role of OsOFP6 in H 2 O 2 accumulation.
Suppressing OsOFP6 by RNAi leads to hypersensitivity to cold stress
Low temperature imposes a major environmental restriction on rice performance. To elucidate the functions of OsOFP6 in response to cold stress, we treated OE, RNAi, and ZH11 plants with low temperatures at the vegetative and reproductive stages. At the 4-leaf stage, seedlings grown in soil were placed in a growth chamber at 4 °C with 12/12 h day/night for cold treatment. After 3 d of treatment, the leaves of RNAi plants showed symptoms of wilting, rolling, and drooping, whereas wild-type ZH11 plants did not show cold-stressed symptoms (Fig. 8A, left panels) . Furthermore, examination of the wilted leaves indicated that all those of the RNAi lines but none of ZH11 plants showed cold-stressed symptoms (Fig. 8B) . When the cold treatment was extended to 10 d, ZH11 plants displayed serious leaf wilting, whereas the OE lines showed only mild wilting (Fig. 8A, right panels) , which was supported by an analysis of the leaf wilting rate (Fig. 8C) .
Cold temperature can cause damage to plant cells, which leads to leakage of cellular electrolytes, and hence the relative electrical conductivity (REC) of leaves is an indicator of cell integrity. We therefore performed REC analysis to give a physiological indication of cold tolerance. After 1 d of cold treatment, the REC of RNAi lines was about 6-fold more than that of the ZH11 plants (P<0.01) (Fig. 8D) . Furthermore, after 3 d of cold treatment, the REC increased greatly in the RNAi lines, but it did not change by much in the ZH11 plants (Fig. 8D) , which indicated that suppressed expression of OsOFP6 resulted in hypersensitivity to cold treatment. In contrast, the two OE lines and the ZH11 plants displayed similar leaf REC after 7 d of cold treatment; however, the OE-15 had a significantly lower leaf REC after 10 d of cold treatment relative to ZH11 and OE-1 (Fig. 8E) .
In addition, we compared the cell integrity of cold-treated leaves from RNAi, OE, and ZH11 plants. Transverse sections of the RNAi lines showed obvious collapse of parachyma and bulliform cells after 3 d of cold treatment (Fig. 8F, lower  panel) . However, the OE lines showed less cell damage than ZH11 after 10 d of cold treatment (Fig. 8G, lower panel) , which is in agreement with the phenotype observed and the REC results obtained in the OE lines under cold stress (Fig. 8A, E) .
To evaluate the impact of cold treatment on OsOFP6 transgenic plants at the reproductive stage, we placed RNAi, OE, and ZH11 plants at the booting stage in a growth chamber at 15 °C for 3 d, and then returned them to normal growth conditions to set seeds. After maturation, the panicles of the RNAi plants were either erect or hanging down slightly while those of the ZH11 and OE plants were clearly bent down (Fig. 9A) , indicating the differences in seed setting. Statistical analysis revealed that the spikelet fertility of the RNAi plants was about 6-fold lower than that of the OE and ZH11 plants under cold treatment (Fig. 9B) . It has been reported that low temperatures cause decreased grain yield by inducing pollen sterility (Oliver et al., 2005) , and therefore the cold-treated plants were also checked for pollen fertility by KI/I 2 staining. Under normal growth conditions (30 °C), pollen from the RNAi, OE, and ZH11 plants stained well, indicating normal starch-filling (Fig. 9C, upper panels) . However, when plants were cold-treated at 15 °C for 3 d, about 50% of pollen grains from the RNAi plants either were not stained at all or had greatly reduced staining intensity. In contrast, the pollen grains from the OE and ZH11 plants were still well-stained (Fig. 9C, D) , indicating that OsOFP6 has a significant effect on pollen fertility under cold treatment.
Discussion
Previous studies in tomato and Arabidopsis have shown that OFPs function as transcriptional repressors, because their overexpression results in reduced lengths in aerial organs (Hackbusch et al., 2005; Pagnussat et al., 2007; Wang et al., 2007; Li et al., 2011) . However, all the loss-of-function mutants obtained so far in Arabidopsis, including the double-mutant atofp1/atofp4, do not show any apparent morphological defects . OFPs in rice may function divergently in comparison with those in Arabidopsis. RNAi knockdown of OsOFP6 caused inhibition of growth in rice plants, leading to short stature and reduced grain width and thickness. In addition, suppressed expression of OsOFP6 resulted in hypersensitive responses to drought and cold stresses, whereas overexpression of OsOFP6 conferred enhanced resistance. These results suggest that OsOFP6 acts as a positive regulator both for plant growth and in response to abiotic stress.
The OVATE gene was first identified as a major QTL controlling fruit shape in tomato (Ku et al., 1999) , and cloning of this gene revealed that a single mutation, leading to a premature stop codon, causes the transition of tomato fruit from round to pear-shaped (Liu et al., 2002) . Grain shape is an important attribute of quality and a key determinant of rice yield; it also has a major impact on the market value of rice grain products (Koutroubas et al., 2004; Fitzgerald et al., 2009) . Suppressed expression of OsOFP6 significantly reduced grain width, thickness, and weight ( Fig. 3A-E) , which indicates that it is essential for the development of rice grains. Overexpression of OsOFP2 (LOC_Os01g43610) decreased seed length, width, and weight, but the expression of OsOFP2 was not observed in the developing rice seed, suggesting that OsOFP2 does not directly control seed phenotype (Schmitz et al., 2015) . In contrast, abundant expression of OsOFP6 was observed in the spikelets (Fig. 1A, G) , further supporting the essential function of OsOFP6 in the development of rice grains.
Plant lateral roots are a major component of the root system and play crucial roles in water and nutrient uptake during the interactions between plants and their environment (Coudert et al., 2010) . A recent study showed that OsAUX1, a putative auxin influx carrier, functions in lateral root initiation, and overexpression of OsAUX1 leads to increased lateral root initiation (Zhao et al., 2015) . RNAi plants showed shorter lateral roots under normal growth conditions and increased lateral root density under IAA treatment (Fig. 4) , suggesting that OsOFP6 is involved in the growth of lateral roots and their initiation mediated by IAA. On the other hand, expression of OsAUX1 was induced in RNAi plants (Fig. 5D ), implying that OsOFP6 may regulate the development of lateral roots through modulating the expression of OsAUX1. Polar auxin transport is important to plant growth and development, and PIN proteins act as efflux carriers of auxin and play key roles in its transport (Galweiler et al., 1998) . NPA is an inhibitor of polar auxin transport. Reduced expression of OsOFP6 leads to increased expression of OsPIN genes except for OsPIN2 (Fig. 5D) , and the higher transcript levels of OsPIN1b, OsPIN1c, OsPIN9, and OsPIN10 may contribute to the insensitivity of RNAi plants to NPA treatment Zhang et al., 2012) . Moreover, the semi-dwarf phonotype of the RNAi lines may be due to the enhanced expression of OsPIN10a, OsGH3-2, and OsIAA1 (Song et al., 2009; Zhang et al., 2012; Du et al., 2012) , although the mechanisms for how OsOFP6 regulates the expression of these genes needs further investigation.
Plants frequently encounter various abiotic stresses such as drought and cold during their growth processes. Many genes have been reported to confer resistance to abiotic stresses (Shen et al., 2012; Tang et al., 2012; Dametto et al., 2015) . This study shows that OsOFP6 confers resistance to drought and cold stresses. Drought resistance includes drought escape, drought avoidance, drought tolerance, and drought recovery (Fukai and Cooper, 1995) . Drought avoidance is often accompanied by reduced water loss, whereas drought tolerance is frequently via adjustment of osmotic and antioxidant capacities. Studies of drought resistance in rice suggest that drought avoidance and drought tolerance are controlled by different QTLs and are genetically separated by different mechanisms (Yue et al., 2006) . However, OsAHL1 was found to improve both drought tolerance and drought avoidance in rice plants (Zhou et al., 2016) . Overexpression of OsOFP6 led to slower water loss and lower H 2 O 2 accumulation, whereas RNAi plants displayed faster water loss and higher H 2 O 2 content, suggesting that OsOFP6 is involved in both drought avoidance and drought tolerance. ROS have been reported to cause oxidative damage to plant macromolecules and cell structures, leading to inhibition of plant growth and development (Bechtold et al., 2013; Das and Roychoudhury, 2014) . SOD is an enzyme that catalyses the dismutation of superoxide radicals into hydrogen peroxide, which is disposed of by peroxidases and catalases. Up-regulation of Fe-SOD and OsPOX1 genes in the OE plants implies fast operation of the ROS removal system, thus keeping the level of ROS low.
Abscisic acid (ABA) plays a crucial role in the adaptive response of plants to drought stress (Todaka et al., 2015) . ABA treatments did not affect the rate of seed germination and growth at the post-germination stage ( Supplementary  Fig. S8A-D) . Analysis of the expression of OsbZIP23 and OsLEA3, two well-studied ABA responsive genes (Xiao et al., 2007; Xiang et al., 2008) , also showed no differences among the OE, RNAi, and ZH11 seedlings ( Supplementary Fig.  S8E, F) . These results suggest that the OsOFP6-mediated drought response in rice is probably independent of ABA.
Knock-down of OsOFP6 by RNAi rendered transgenic plants hypersensitive to cold treatment. After being coldtreated for 3 d, OsOFP6-RNAi plants showed obvious symptoms (Fig. 8A) . Examination of the relative electrical conductivity, a crucial indicator for cell membrane damage, showed that RNAi plants had significantly (P<0.01) higher REC than wild-type ones (Fig. 8D ). Supporting this, transverse sections of cold-treated leaves showed that RNAi plant cells were more fragile than those of the wild-type and OE lines (Fig. 8F, G) . Repressed expression of OsOFP6 dramatically reduced the percentage of starch-filled pollen grains under cold treatment (Fig. 9C, D) . Starch is an essential source of energy for pollen germination and pollen tube growth, and thus its absence can cause pollen sterility (Datta et al., 2001; Oliver et al., 2005) . Reduced KI/I 2 staining for fertility of pollen grains in RNAi plants suggests the essential roles of OsOFP6 for rice pollen development under cold treatment. In Arabidopsis, AtOFP5 has been shown to function in the female gametophyte development (Pagnussat et al., 2007) , and AtOFP1 has been confirmed to play an essential role in male transmission and pollen function (Hackbusch et al., 2005) . Taken together, OFPs play important roles in the processes of gametophyte and sporophyte development.
In summary, our results indicate that OsOFP6 plays important roles in plant growth and development as well as in responses to abiotic stresses. Adequate expression of OsOFP6 is not only required for rice plants to respond to drought and cold stresses but also for the polar transport of auxin. Further investigation of the mechanisms by which OsOFP6 functions in multiple aspects of plant growth and responses to abiotic stresses will help elucidate the networks of plant growth, auxin transport, and abiotic stress responses.
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